These findings indicate that ANDV infection and hypoxic conditions enhance mTOR signaling responses, resulting in enhanced endothelial cell permeability and suggest a role for rapamycin in therapeutically stabilizing the endothelium of microvascular and lymphatic vessels during ANDV infection.
H antaviruses predominantly infect endothelial cells (ECs) and nonlytically cause diseases associated with increased vascular permeability (1) (2) (3) (4) (5) 112) . Hantavirus pulmonary syndrome (HPS) results from the infection of hantaviruses present in North and South America, including Andes virus (ANDV), Sin Nombre virus (SNV), NY-1 virus (NY-1V), and many others (3, (6) (7) (8) (9) . HPS is characterized by thrombocytopenia, hypoxia, and acute pulmonary edema that leads to respiratory insufficiency and an associated 35 to 40% mortality rate (1, 2, 5, (10) (11) (12) (13) . ANDV is unique in both its ability to spread from person to person and cause a lethal HPS-like disease in Syrian hamsters that closely mimics human disease in rapid onset, hypoxia, and acute pulmonary edema (9, (14) (15) (16) (17) .
Extracorporeal membrane oxygenation (ECMO) of patients has dramatically reduced HPS mortality and suggests a potential role of hypoxia in HPS disease (11, 13) . Hypoxia induces highaltitude pulmonary edema (HAPE) through the induction of vascular endothelial growth factor (VEGF) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) , and this response is transcriptionally directed by the hypoxia-inducible factor 1␣ (HIF1␣) (26, 28, 29) . Hypoxic conditions stabilize HIF-1␣, which forms a transcriptionally active HIF1␣/␤ heterodimer and directs transcription from hypoxia-responsive promoter elements (HREs) (24, 26) . Hypoxia induces VEGF (9-fold), and VEGF in turn activates VEGF receptor 2 (VEGFR2) receptors on endothelial cells in an autocrine and paracrine manner (30) (31) (32) (33) . VEGFR2 signaling induces vascular permeability by directing the disassembly of interendothelial cell adherence junctions (30, 34, 35) . Interestingly, VEGF further induces transcription of HIF1␣, forming an HIF1␣-VEGF amplification loop that enhances EC responses to hypoxia and further increases capillary permeability (26, 28, 36) .
Adherens junctions (AJs) form a fluid barrier within capillaries that regulates permeability of the vascular endothelium (37) . However, to permit immune cell extravasation and endothelial cell migration required for vascular repair, cells must separate without causing fluid leakage. These opposing functions are tightly regulated by redundant systems that act on unique endothelial cell receptors, junctional proteins, and signaling pathway effectors (35, 37, 38) .
HPS patients are acutely hypoxic, and ANDV-infected pulmonary endothelial cells provide a means for increasing capillary permeability and causing pulmonary edema (1, 2, 5, (10) (11) (12) 39) . In fact, the pulmonary edema fluid of HPS patients contains high levels of VEGF (40, 41) . VEGF was originally named "vascular permeability factor" for its potent ability to induce tissue edema ϳ50,000 times more effectively than histamine (38, 42) . Secreted VEGF binds to receptors within 1.5 mm of its release and acts locally to induce endothelial cell division, migration, and permeability (30, 34, 37, 38) . VEGFR2 is a growth factor receptor containing a C-terminal tyrosine kinase that directs the activation of several signaling pathways (24, 30, 35) . Activation of the VEGFR2-Src pathway directs the disassembly of VE-cadherin from AJs and increases paracellular permeability of the endothelium, which results in edema (30) . However, VEGFR2 also activates growthinducing responses directed by mTOR (mammalian target of rapamycin), and both VEGFR2 and hypoxia-directed responses are sensitive to the inhibitory effects of rapamycin (31, (43) (44) (45) (46) .
In vitro, pulmonary microvascular endothelial cells (MECs) and human umbilical vein endothelial cells (HUVECs) are not permeabilized by hantavirus infection alone; however, the permeability of endothelial cells infected by ANDV, SNV, and NY-1V, but not nonpathogenic Tula virus (TULV) or PHV hantaviruses, is dramatically enhanced in response to VEGF (41, (47) (48) (49) (50) (51) (52) . Days after infection, cell-associated pathogenic hantaviruses bind inactive ␣ v ␤ 3 integrins which normally temper VEGFR2 responses (48, 50, (53) (54) (55) . This results in both hyperphosphorylation of VEGFR2 and increases in the VEGFR2 signaling responses that direct the dissociation and internalization of VE-cadherin from adherens junctions without VE-cadherin degradation (41, 47, 48, (50) (51) (52) . The internalization of VE-cadherin without degradation permits the rapid reassembly of adherens junctions and participates in the rapid ability of the endothelium to increase fluid barrier functions (34, 37) . Consistent with hantavirus inactivation of ␣ v ␤ 3 , the knocking out of ␤ 3 or inhibition of ␣ v ␤ 3 promotes VEGFR2-directed endothelial cell permeability (56) (57) (58) (59) (60) . A recent report further demonstrated that ANDV infects lymphatic endothelial cells (LECs) and both enhances LEC permeability and causes the formation of giant LECs in response to VEGF (41, 47) . These findings indicate that both microvascular leakage and pulmonary fluid clearance by lymphatic vessels are likely to be altered by ANDV infection of MECs and LECs.
These findings suggest that ANDV-induced edema is at least in part regulated by the activation of edemagenic VEGF signaling pathways within MECs and LECs that contribute to increased vascular permeability and edema during HPS. In this study, we investigate the role of hypoxia in directing permeability and giant cell responses of ANDV-infected MECs and LECs. Our findings demonstrate that hypoxic conditions are sufficient to induce permeability and giant cell responses in ANDV-infected MEC and LEC monolayers. ANDV infection of MECs and LECs enhanced the production of HIF1␣-regulated genes and activated mTORdirected S6 kinase (S6K) hyperphosphorylation, which controls cell size (46, 61, 62) . We found that permeability, giant cell, and S6K phosphorylation responses were rapamycin sensitive (31, 62) . These findings demonstrate the involvement of pathway-specific mTOR-S6K activation in the permeability and giant cell responses elicited by ANDV infection of MECs and LECs and suggest a potential role for rapamycin in regulating hypoxia-directed permeability responses following ANDV infection.
MATERIALS AND METHODS

Cells and virus.
Vero E6 cells (ATCC CRL-1586) were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS; Sigma), penicillin (100 g/ml), streptomycin sulfate (100 g/ml), and amphotericin B (50 g/ml) (Gibco). Human pulmonary microvascular endothelial cells (MECs) and human pulmonary lymphatic endothelial cells (LECs) were purchased from Cambrex, Inc., and grown in endothelial growth medium (EGM-2MV; Lonza) supplemented with endothelial cell growth factors, gentamicin (50 g/ml), amphotericin B (50 g/ml), and 10% FCS (Sigma). Starvation medium consists of basic growth medium (EBM-2MV) with 0.5% bovine serum albumin (BSA) but without added VEGF. Andes virus (CHI-7913) and nonpathogenic TULV (Tula/Moravia/MA 5302V/94) were determined to be mycoplasma free (Roche) and were cultivated as described previously in a biosafety level 3 (BSL3) facility (49) . Viral titers were determined as previously described (53, 54) . LEC and MEC monolayers were ANDV, TULV, or mock infected at a multiplicity of infection (MOI) of 0.5, and Ͼ90% of cells were infected with ANDV as determined by focus assay and immunoperoxidase staining of viral nucleocapsid proteins.
Hypoxic conditions. MECs or LECs were infected with pathogenic ANDV or nonpathogenic TULV at an MOI of 0.5. Two days postinfection, cells were incubated overnight (18 h) in growth factor starvation medium under hypoxic conditions (1% O 2 by N 2 displacement, 5% CO 2 ) in a multigas incubator (MCO-19 M; Sanyo Scientific) or under normoxic conditions (20% O 2 , 5% CO 2 ). Cobalt chloride-induced hypoxia (31, 63) was used in indicated experiments by exposing cells to CoCl 2 (100 M; Sigma) in basal EBM-2MV with 0.5% bovine serum albumin for 6 h.
Immunoperoxidase staining of hantavirus-infected cells. Rabbit polyclonal antinucleocapsid serum directed against the NY-1V nucleocapsid protein was used to detect ANDV-and TULV-infected cells, as previously described (54) . Briefly, infected endothelial cell monolayers were fixed with 100% methanol and incubated with antinucleocapsid serum (1:5,000) followed by horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (1:5,000; Amersham Biosciences). Nucleocapsid protein-expressing cells were identified by staining with 3-amino-9-ethylcarbazole (0.026%) in 0.1 M sodium acetate (pH 5.2) and 0.03% H 2 O 2 , and infected foci were quantitated by microscopy (54) . Cells more than 3 times normal MEC or LEC size were considered to be giant cells and quantitated by microscopy (10 fields, 1,500 cells in duplicate wells) using NIH Image.
Endothelial cell permeability assay. A previously described permeability assay was used to assess hantavirus-induced endothelial cell permeability (48) (49) (50) . Briefly, human MECs or LECs were plated on Costar Transwell plates (3-m pores; Corning), and confluent monolayers were infected in triplicate with pathogenic ANDV or nonpathogenic TULV at an MOI of 0.5 for 2 days prior to hypoxic or normoxic treatment. Three days postinfection, fluorescein isothiocyanate (FITC)-dextran (40 kDa, 0.5 mg/ml; Sigma) was added to the upper chamber, and the lower chamber was monitored for the presence of FITC-dextran 2 h later using a BioTek FLx800 fluorimeter (490-nm excitation, 530-nm emission) (48) (49) (50) . The fold change in FITC-dextran fluorescence intensity over mocktreated controls was used as a measure of MEC and LEC monolayer paracellular permeability. Where indicated, 2 days postinfection, cells were grown overnight in growth factor starvation medium and subsequently VEGF A (100 ng/ml) stimulated 1 h prior to the addition of FITC-dextran. Rapamycin (20 ng/ml) was added 1 h prior to VEGF A addition under normoxic conditions or 1 h prior to FITC-dextran addition (hypoxic or normoxic conditions). Monolayers were equivalently infected (ϳ80%), as assayed by immunoperoxidase staining of MEC or LEC monolayers (54) . Analysis of virus present in the supernatants of ANDV-infected ECs 3 days postinfection that were rapamycin treated (1 to 24 h) or untreated revealed no difference in viral titers (4.5 ϫ 10 4 /ml).
qRT-PCR. Total cellular RNA was extracted from mock-, ANDV-or TULV-infected MECs and LECs using RNeasy (Qiagen) (64, 65) . Total RNA (1 g) was reverse transcribed using Transcriptor first strand cDNA synthesis (Roche) and oligo(dT) 18 primers (25°C for 10 min, 55°C for 30 min, and 85°C for 5 min). The primers for quantitative reverse transcription-PCR (qRT-PCR) ( Table 1) were operon designed and used to amplify human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), VEGF A, angiopoietin 4 (ANG4), and EGLN3 in duplicate using Sybr green on an Applied Biosystems 7300 under the following thermocycling parameters: 50°C for 2 min, 95°C for 10 min, 95°C for 15 s, and 60°C for 1 min for 40 cycles (65) . mRNA levels were normalized to GAPDH mRNA levels, and the fold changes in mRNA levels were compared between ANDV-and mock-infected cells under hypoxic and normoxic conditions (64, 65) . The fold change in VEGF A, ANG4, and EGLN3 mRNA levels was determined using the threshold cycle (2 Ϫ⌬CT ) method and plotted (Ϯstandard error of the mean [SEM]) using GraphPad Prism 5 software (65) .
Western blot. Western blots were performed as previously described (6, 66) . Briefly, MECs or LECs were infected with ANDV or TULV and grown under normoxic or hypoxic conditions as described above. Cells were lysed in buffer containing 1% NP-40 (150 mM NaCl, 40 mM Tris-Cl, 2 mM EDTA, 10 nM sodium fluoride, 2.5 mM sodium pyrophosphate, 2 mM sodium orthovanadate, 10 mM ␤-glycerophosphate) with protease inhibitor cocktail (Sigma). Total protein levels were determined by a bicinchoninic acid assay (Pierce), and 20 g of protein was resolved by SDS-polyacrylamide (10%) gel electrophoresis. Proteins were transferred to nitrocellulose, blocked in 2% bovine serum albumin, and incubated with anti-p70S6 rabbit polyclonal antibody (Cell Signaling), anti ␤-tubulin monoclonal antibody (Santa Cruz Biotechnology), and anti-nucleocapsid protein rabbit serum (as described above) and detected using HRPconjugated anti-mouse and anti-rabbit secondary antibodies and ECL enhanced chemiluminescence analysis (Amersham).
Statistical analysis. Results were derived from two to five independent experiments and are presented as means Ϯ standard errors of the means (SEM), with P values of Ͻ0.01 and Ͻ0.001 considered significant. Multiple group comparisons were made by one-way analysis of variance (ANOVA). Two-way comparisons were performed by two-tailed, unpaired Student's t test. All analyses were performed using GraphPad Prism software version 5.0.
RESULTS
Hypoxia and ANDV infection synergistically enhance MEC and LEC permeability.
ANDV infects the endothelial cell lining of capillaries and results in patient hypoxia and acute pulmonary edema leading to respiratory distress (1, 2, 5-7, 9, 10, 12) . Hypoxia causes high-altitude-induced pulmonary edema by inducing the permeabilizing effector VEGF, and thus hypoxia may also be a potential edemagenic factor during ANDV infection of human endothelial cells (18, 20, 26, 38, 42) . To address this, we evaluated responses of human pulmonary MECs and LECs grown under normoxic and hypoxic conditions following infection by ANDV (HPS) and TULV (nonpathogenic). Two days postinfection, ECs were kept under normoxic conditions or incubated under hypoxic conditions for 18 h and deprived of VEGF overnight. The permeability of normoxic and hypoxic MEC and LEC monolayers was assayed by adding FITC-dextran to the upper chamber and monitoring levels in the lower chamber of confluent EC monolayers. As previously reported (47, (50) (51) (52) , we observed little change in the permeability of ANDV-infected MECs or LECs alone but observed a dramatic increase in the permeability of hypoxia-treated ANDV-infected MECs and LECs ( Fig. 1A and C) . In contrast, neither TULV infection nor hypoxia treatment of TULV-infected (47, (49) (50) (51) (52) . Confluent EC monolayers were mock infected or infected with ANDV or TULV at an MOI of 0.5. Two days postinfection, ECs were growth factor starved overnight and incubated under normoxic conditions (control) or hypoxic conditions for 18 h (A and C). In parallel experiments, MECs and LECs (B and D) were stimulated with VEGF under normoxic conditions. Changes in monolayer permeability were assessed by adding FITC-dextran (40 kDa) to the upper chamber and monitoring its presence in lower chambers (A, B, C, and D) (47, (49) (50) (51) (52) . The data represent results from four independent experiments. Results are expressed as the fold increase in monolayer permeability over normoxic controls (**, P Ͻ 0.01; ***, P Ͻ 0.001). cells resulted in an increase in MEC or LEC permeability ( Fig. 1A and C). In comparison with hypoxia-induced MEC and LEC permeability, we analyzed the effect of VEGF addition to MECs and LECs and found that VEGF similarly induced permeability of ANDV-but not TULV-infected MECs and LECs ( Fig. 1B and D) . These findings indicate that similar to VEGF, hypoxia uniquely directs the hyperpermeability of ANDV-infected pulmonary MECs and LECs.
ANDV infection enhances hypoxia-directed HIF1␣ transcriptional responses. Hypoxia reportedly stabilizes the formation of HIF1␣ transcriptional complexes that transcriptionally induce VEGF and additional hypoxia-responsive factors and stress regulators (26, 67, 68) . We evaluated the role of ANDV infection on selected hypoxia-induced factors (VEGF A, angiopoietin 4, and EGLN3) (28) using qRT-PCR. We infected MECs and LECs with ANDV and 2 days postinfection subjected the cells to hypoxic or normoxic conditions for 18 h. MEC and LEC RNA levels were evaluated and compared to the levels of GAPDH mRNAs that were not hypoxia regulated. Consistent with hypoxia literature (28) , we found that hypoxic conditions alone directed an increase in VEGF A, ANG4, and EGLN3 mRNAs within cells (Fig. 2) . However, we observed that ANDV infection dramatically increased VEGF A, ANG4, and EGLN3 mRNA levels within hypoxic MECs and LECs. These findings demonstrate that hypoxia and HIF1␣ enhanced responses of ANDV-infected MECs and LECs that result in increased expression of VEGF A and are consistent with the increased permeability of ANDV-infected endothelial cells in response to hypoxic conditions. Hypoxia and ANDV infection enhance the formation of giant MECs and LECs. The ability of ANDV infection to cause the formation of giant LECs in response to VEGF was previously reported and suggested to be regulated by rapamycin-sensitive mTOR signaling responses (41) . Combined with the results presented above, these findings suggested that hypoxic conditions might be sufficient to increase the size of ANDV-infected MECs and LECs. We infected MECs and LECs with ANDV or TULV as in Fig. 1 and assayed the formation of giant cells in infected monolayers under normoxic and hypoxic conditions. We found that ANDV infection of pulmonary MECs resulted in nearly 20% giant MECs under normoxic conditions (Fig. 3A) , while ϳ8% of ANDV-infected LECs were giant cells (Fig. 3B) . In contrast 2 to 3% of TULV-infected MECs or LECs had increased diameters ( Fig. 3A and B ). However, following 18 h of hypoxia, there was a dramatic increase in the number of ANDV-infected giant cells, which encompassed 80% or 70% of MECs or LECs, respectively. The number of TULV-infected giant cells also increased to 10 to 15% following hypoxia, although there was no increase in the number of uninfected giant cells under normoxic or hypoxic conditions. We similarly induced hypoxia using CoCl 2 (63) and found a similar enhancement of giant LEC responses following ANDV infection (ϳ55% giant cells) (Fig. 3C) . These findings indicate that ANDV infection combined with hypoxic conditions has a dramatic effect on MEC and LEC cell size and monolayer permeability.
Rapamycin inhibits permeability and giant cell responses. Constitutive mTOR activation results in the formation of giant cells, and mTOR signaling responses control HIF1␣-and VEGFdirected permeability (26, 31, 45, 61, 67, 69) . Rapamycin binding to FKBP12 regulates cell size and hypoxia-induced cellular responses by blocking mTOR signaling directed by TORC1 com-plexes (62). Here we determined whether permeability and giant cell responses induced by ANDV infection and hypoxia are mTOR dependent and blocked by rapamycin. Two days postinfection with ANDV and TULV, MECs and LECs were grown under normoxic or hypoxic conditions for 18 h and treated with rapamycin for 1 h prior to evaluation of permeability or giant cell responses. Analysis of virus present in the supernatants of rapamycin-treated or untreated ECs revealed no change in viral titers resulting from 1 to 24 h of rapamycin treatment. Figure 4 indicates that both ANDV-induced permeability and giant cell formation in response to hypoxia are dramatically inhibited by rapamycin. These find- were ANDV or mock infected and exposed to normoxic or hypoxic conditions for 18 h as in Fig. 1 (47, 49-52 ). Total cellular RNA was extracted, and human VEGF A, angiopoietin 4 (ANG4), and EGLN3 transcript levels were determined by qRT-PCR of duplicate samples (Table 1) (64, 65) . mRNA levels were normalized to GAPDH mRNA levels, and the fold increase in mRNA levels over mock-infected controls was calculated. The means and standard errors from two independent experiments are shown. ings indicate that synergistic effects of hypoxia and ANDV infection are directed by mTOR activation and inhibited by rapamycin.
ANDV enhances mTOR-directed S6K phosphorylation. Cell size is determined by mTOR-directed phosphorylation of p70S6K, and constitutive activation of this signaling pathway in tuberous sclerosis protein 1 or 2 (TSC1/TSC2) genetic mutations results in the formation of giant cells (62, 70, 71) . MECs or LECs that were ANDV infected for 2 days were hypoxia treated as described above and evaluated by Western blotting for the presence of expressed viral N protein, phospho-S6K, and ␤-tubulin. Figure  5A demonstrates that ANDV infection in combination with hypoxic conditions increased pS6K levels in MECs and that the addition of rapamycin 1 h prior to cell lysis abolished ANDV-directed S6K phosphorylation. Experiments performed in LECs infected with ANDV or TULV indicate that TULV infection did not increase S6K phosphorylation under hypoxic conditions. In contrast, hypoxic conditions and ANDV infection dramatically enhanced S6K phosphorylation, and this response was blocked by the mTOR (TORC1) inhibitor rapamycin (Fig. 5B ). Collectively, these findings indicate that in the presence of hypoxia, ANDV directs the pathway-specific activation of mTOR-S6K signaling responses that contribute to the increased size of infected pulmonary MECs and LECs. The role of mTOR in hypoxia-directed responses during ANDV infection suggests that rapamycin has the potential to reduce lymphatic and vascular endothelial cell permeability responses that are likely to contribute to hypoxic edematous responses elicited in HPS patients.
DISCUSSION
HPS is a highly lethal disease resulting in acute rapidly progressive pulmonary edema and shock (1, 2, 5, 13) . Hypoxia, thrombocytopenia, and vascular permeability are hallmark findings of hantavirus patients and contribute to acute pulmonary edema in HPS (1, 2, 5) . HPS patients often seek medical attention as a result of the sudden onset of respiratory distress resulting from pulmonary edema that accumulates by as much as 1.0 liter per hour (2, (11) (12) (13) . Potential pathogenic mechanisms accounting for the high rate of pulmonary fluid accumulation have yet to be demonstrated (13, 18, 22, 41, 47, 48, (72) (73) (74) (75) (76) but appear be a consequence of the noncytolytic hantavirus infection of endothelial cells. Although, MECs and LECs are not permeabilized by hantavirus infection alone (47, (49) (50) (51) (52) , hantavirus infection of the endothelium provides a means for the virus to alter EC responses that normally regulate capillary leakage and pulmonary fluid clearance. In vitro data indicate that ANDV infection of human pulmonary MECs and LECs alters VEGF A-mTOR signaling responses within ECs (40, 41, 47, (49) (50) (51) (52) 65) , and recent studies suggest that bradykinin may contribute to hantavirus-directed vascular permeability (75, 76) .
Interestingly, hypoxia is linked to ANDV dysregulation of normal endothelial cell functions through effects on bradykinin, VEGF, and thrombocytopenia, all of which regulate vascular permeability (18, 20, 21, 30, 44, 45, 66, 67, (77) (78) (79) (80) (81) (82) (83) (84) (85) . Hypoxic conditions cause high-altitude-induced pulmonary edema (HAPE) (18) (19) (20) (21) (22) (23) (24) (25) 27) , and the ability of hypoxia alone to induce edema and thrombocytopenia suggests that hypoxic conditions may play a critical role in the HPS disease process (11, 13) . Interestingly, HAPE results from hypoxia induction of VEGF A (18-20, 28, 33), a potent vascular permeability factor that amplifies cellular responses to hypoxia and is a known cause of edema (38) . HPS patients are clearly hypoxic (1, 2, 5, 13) , and consistent with this finding, a recent report indicates that HPS patient pulmonary edema fluid contains elevated VEGF A levels (40) .
Hantavirus-infected primary human MECs and LECs are hyperresponsive to the permeabilizing effects of VEGF (41, 47, 49, 50, 52, 86) . The increased permeability of ANDV-infected EC monolayers to VEGF is a progressive event that occurs days after infection and at a time when cell-associated pathogenic hantaviruses accumulate on the surface of ECs (48, 87) . Cell association of ANDV is mediated by inactive ␣ v ␤ 3 integrin conformers on the EC surface, which normally temper VEGFR2-directed permeability responses (48) . Thus, the ability of hypoxia to induce VEGF suggests that edema following ANDV infection of MECs and LECs might be directed by hypoxic conditions present in HPS patients.
In this study, we determined whether the presence of hypoxic Fig. 1 (47, 49-52 ). LECs were infected as described above and 3 days postinfection treated with CoCl 2 (100 mM) for 6 h to induce hypoxia under normoxic incubator conditions (C). Cells were methanol fixed, immunoperoxidase stained for N protein, and visualized by light microscopy.
Hantavirus-infected giant cells (ϳ3ϫ normal size) were measured and quantified using NIH Image and expressed as a percentage of total infected cells (47, (49) (50) (51) (52) . The data represent results from six independent experiments (**, P Ͻ 0.01, and ***, P Ͻ 0.001, versus ANDV-or TULV-infected levels).
conditions during ANDV infection is sufficient to enhance the permeability of MEC and LEC monolayers. We demonstrated that both ANDV and nonpathogenic TULV infect primary pulmonary MECs and LECs. However, only ANDV enhanced MEC and LEC permeability in response to hypoxic conditions. We further observed that hypoxia-responsive genes, including those coding for VEGF A, angiopoietin 4, and EGLN3, which are HIF1␣ transcription factor responsive (28), were dramatically induced by combining ANDV infection with hypoxic conditions. These findings demonstrate that ANDV enhances hypoxia-directed MEC and LEC responses resulting in VEGF induction, as well as by amplifying the EGLN3 feedback loop, which directs HIF1␣ hydroxylation and degradation (28) . Collectively, these findings suggest that hypoxia is likely to induce MEC responses that contribute to cap-illary permeability within HPS patients (1, 2, 18, 26, 33, 40, 41, 47, 50-52, 63, 75, 76, 78) . Although the roles of LECs and lymphatic vessels in HPS have not been defined in HPS patients or animal models, there is also a compelling rationale for hypoxic changes to ANDV-infected LECs to impede fluid clearance functions of pulmonary lymphatic vessels (88) .
A previous report demonstrated that ANDV infection of LECs resulted in the formation of giant cells 4ϫ to 5ϫ larger than normal LECs (47) . Here we found that hypoxic conditions directed by low O 2 levels or CoCl 2 treatment of MECs or LECs dramatically induced giant cell formation in ANDV-but not TULV-infected cells. Giant cell formation is directed by mTOR signaling responses via TORC1-directed phosphorylation of S6K (62) . Interestingly, we found that hypoxia-directed permeability and giant or TULV or mock infected as described in the legend to Fig. 1 (47, (49) (50) (51) (52) . Two days postinfection, MECs and LECs were grown under normoxic or hypoxic conditions for 18 h and treated with rapamycin (20 ng/ml) for 1 h prior to evaluation of permeability (A and B) or giant cell responses (C and D) as in Fig. 2 and  3 . The data represent results of four independent experiments (**, P Ͻ 0.01, and ***, P Ͻ 0.001, versus ANDV-or TULV-infected levels). cell responses of ANDV-infected MECs and LECs were inhibited by rapamycin, which blocks TORC1 activation (62) . Consistent with this, we found that phosphorylated p70S6K levels were enhanced in ANDV-infected MECs and LECs in response to hypoxia. Furthermore, rapamycin abolished S6K phosphorylation, demonstrating that MEC and LEC responses following ANDV infection occurred via mTOR (TORC1)-directed signaling pathway activation (62) . These findings indicate that hypoxia activates mTOR signaling responses within ANDV-but not TULV-infected MECs and LECs. However, it is not clear how ANDV or TULV infections contribute to the differential regulation of mTOR signaling responses or why ANDV selectively enhances monolayer permeability and giant cell formation in hypoxic ECs.
VEGFR2 responses activate mTOR, while rapamycin inhibits mTOR-directed giant cell and VEGF A-directed permeability responses in mice and hamsters (43) (44) (45) (46) (89) (90) (91) . Tuberous sclerosis complex proteins (TSC1 and TSC2) are upstream negative regulators of mTOR activation, and giant cells are caused by mutations in TSC1/TSC2 that result in constitutive activation of mTOR and S6K (43, 45, 46, 61, 92) . Hypoxic conditions induce VEGF A, but paradoxically, hypoxia also induces the expression of REDD1, which stabilizes TSC1/TSC2 complexes and inhibits mTOR activation (31, 61, 69, 89) . Hypoxia and ANDV infections result in the constitutive activation of mTOR and pS6K, which are associated with giant cell formation and increased permeability responses (45, 61, 62, 69) . Thus, patient hypoxia is likely to drive an HIF-1␣-VEGF amplification loop and uniquely activates mTOR, resulting in increased capillary permeability and giant cell formation during ANDV infection of MECs and LECs (26) . Our findings suggest that ANDV infection may alter hypoxia-directed REDD1 induction, stability, or TSC1/TSC2 regulation, which normally inhibits mTOR activation (45, 61, 62, 69) . A suggested role for the hantavirus N protein in altered P-body-directed microRNA responses (65, (93) (94) (95) may contribute to this pathway activation, since microRNA levels altered by hantavirus infection regulate pathways that activate TORC1 and stabilize HIF1␣ (93, 94, 96) . Alternatively, ANDV-altered hypoxic responses could be the result of ANDV effects on a variety of pathways that impact mTOR (31, 61, 69, 89) .
One report suggested that an mTOR inhibitor reduced ANDV replication but not RNA synthesis when added before or during initial infection of cells (97) . However, our findings indicate that rapamycin inhibited EC permeability and giant cell formation when added for 1 to 24 h, 3 days after infection, but that rapamycin had no effect on viral titers following addition. Rather than an effect on hantavirus replication, our findings suggest the specific and rapid ability of rapamycin to inhibit hantavirus permeability and giant cell responses. These findings are consistent with an effect of rapamycin on mTOR signaling responses that regulate cell size, cell cycle, and permeability responses of ECs (61, 62, 89) . Although the role of giant cell formation in ANDV-directed permeability responses remains unclear, findings that both processes are rapamycin regulated suggest a connection that is consistent with reports that rapamycin is a negative effector of hypoxia-or VEGF A-induced permeabilization responses (45, 61, 62, 69) .
Prior studies of hantavirus-infected endothelial cells have demonstrated the hyperresponsiveness of MECs and LECs to the addition of VEGF (47) (48) (49) (50) (51) (52) 65) . In several studies, the addition of VEGF to pathogenic hantavirus-infected ECs, previously grown in the absence of VEGF, has been shown to transiently increase the internalization of VE-cadherin from adherens junctions (47) (48) (49) (50) (51) (52) 65) . This occurs without VE-cadherin degradation in response to VEGF addition (50) (51) (52) or, as presented here, in response to hypoxia. In fact, just as VEGF stimulation induces permeability via VE-cadherin internalization from adherens junctions, internalized VE-cadherin is not degraded but rapidly returned to adherens junctions to stabilize and reduce the permeability of the endothelium (30, 34, 35, 37, 49, 52) . One study suggests that hantavirusinfected ECs transiently degraded VE-cadherin at a single specific time point (98) . Consistent with our findings, another study of infected HUVECs demonstrated no change in VE-cadherin degradation in cells grown persistently in VEGF but didn't assess VEcadherin internalization or VEGF responsiveness (75) . Interestingly, this paper demonstrates a role for kallikrein-directed bradykinin responses to increase the permeability of hantavirusinfected ECs (75) . Although not evaluated by the study, bradykinin and VEGF synergistically increase VEGFR2 phosphorylation (83, 85) , and bradykinin secreted from smooth muscle cells induces the expression of VEGF (99) . In fact, hypoxia itself induces bradykinin type 2 receptors on endothelial cells (82), fostering the potential interrelationship between VEGF, bradykinin, and hypoxia-induced responses (41, 47-52, 75, 76, 82, 85) in hantavirus-directed permeability.
Hypoxia directs a number of additional cellular responses that act on endothelial cell and platelet functions and which may participate in vascular leakage during ANDV infection (82, 94, 100) . Hypoxia increases endothelial NO synthase (eNOS), which is responsible for lymphatic vessel contraction and fluid clearance functions (101, 102) . Although tumor necrosis factor alpha (TNF-␣) alone does not permeabilize hantavirus-infected cells (103) , hypoxia also synergistically induces VEGF in response to transforming growth factor ␤ (TGF-␤) or TNF-␣ stimulation, suggesting a potential role for these factors under hypoxic conditions in vivo (104) . Prolonged hypoxia also impairs active sodium transport across the alveolar epithelium by inhibiting the Na ϩ -K ϩ -ATPase and directing ubiquitin proteasome-directed degradation of the Na ϩ pump (72) . Several additional mechanisms may MECs (A) or LECs (B) were infected with ANDV and TULV for 2 days under normoxic conditions and subsequently grown under normoxic or hypoxic conditions as in Fig. 1 . Three days postinfection, cells were treated with rapamycin (20 ng/ml) for 1 h or left untreated. Cells were lysed with 1% NP-40, and total protein was analyzed by Western blotting using anti-p70S6-Thr389 rabbit polyclonal antibody (Cell Signaling), anti-␤-tubulin monoclonal antibody (Santa Cruz Biotechnology), and antinucleocapsid rabbit serum as previously described (65, 111) . also participate in hypoxia-induced pulmonary edema during hantavirus infection that include responses of T cells (105), induced cytokines (106) , and recently reported findings of kalikrein-directed bradykinin permeability responses (75, 76) that may also enhance VEGFR2 signaling responses (82, 83, 85, 99) .
Explanations for acute thrombocytopenia during hantavirus infections have yet to be defined. However, hypoxia causes thrombocytopenia in mice, and hypoxia induces the production of the platelet inhibitor prostacyclin (66, 78-80, 107, 108) , which renders platelets quiescent (109, 110) . A prior report demonstrates that platelets bind the surface of hantavirus-infected cells via interactions with cell-associated virus (48) . This occurs days after infection and via the binding of quiescent platelets to the infected EC surface (48) . This is intriguing since quiescent platelets are not normally adherent to ECs unless activated and adherence of platelets to the endothelial cell lining of capillaries could both sequester platelets and alter normal gas exchange, causing or exacerbating hypoxia (78, 79, 107, 109, 110) . These findings suggest a potential mechanism for hypoxia to render platelets quiescent and contribute to thrombocytopenia by distributing platelets to the surface of the hantavirus-infected endothelium without platelet aggregation or coagulation.
Hypoxia impacts a host of systems that regulate vascular permeability and pulmonary fluid clearance functions. Patient hypoxia is likely to drive an HIF1␣-VEGF amplification loop that constitutively activates mTOR and results in increase capillary permeability, as well as additional hypoxia-directed responses of immune and epithelial cells that contribute to HPS (13, 26, 41, 51, 76, 86) . At present, there is little understanding of how these systems impact vascular functions and coordinately dysregulate pulmonary responses in order to cause acute pulmonary edema. However, varied hypoxia-dependent responses may be keys to therapeutically resolving HPS at late stages of infection when viral replication and entry inhibitors are ineffective.
